In an attempt to establish the functional organization of the hepatic parenchymal unit, we used histo-and microchemical procedures to assess metabolic liver cell heterogeneity at the level of the primary lobule. Because of the close interrelation of glumgenesis and ketone body formation, and in view of the distinct regional differences of the in vivo activity of glumse-6-phosphatase (ab), these techniques were used on livers from male rats to investigate the distribution of the ketogenic enzyme, 3-hydroxybutyrate dehydrogenase (3-HBDH), during the post-resorptive phase. A close reciprocity was found between the general increase in the activity of 3-HBDH and the decrease of the in vivo activity of G 6 h e along the sinusoidal axis, and also with regard to
Introduction
The liver plays a central role in the regulation of fuel homeostasis. The integrated action of opposing enzyme systems enables the liver to alternate between the synthesis and degradation of glucose, glycogen and fat. In the fasting state and in starvation, glucose and ketone bodies are released from the liver to meet the energy needs of peripheral organs, e.g., the central nervous system (1) . Metabolite flux through opposing enzyme systems is controlled by shortterm regulation of enzyme activity resulting from allosteric and covalent modification, by long-term regulation caused by changes in synthesis and degradation of enzymes, and by intracellular compartmentalization. In addition, the metabolic heterogeneity of hepatocytes has been identified as a means of intercellular compartmentalization of opposing enzyme systems. It is considered a basic principle of organization that synergistic enzymes share similar distribution characteristics, whereas antagonistic enzymes are distributed reciprocally. Metabolic cell heterogeneity limits the inter- enzyme gradients along sinusoids of different origin. The activity of the ketogenic enzyme was higher throughout septal than portal sinusoids, whereas the opposite applied to the glucogenic enzyme. Histo-and microchemical data support the concept of a lobular parenchymal unit composed of "primary lobules," and show also that hepatocyte function varies with cell location along the sinusoidal axis and with the origin of the sinusoids. (JHstochem Cytochem 40213-219, KEY WORDS: 3-hydroxybutyrate dehydrogenase; Quantitative histochemistry; Rat liver; Functional unit; Cell heterogeneity; Portal and septal sinusoids.
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ference of antagonistic catalytic steps and functionally integrates hepatocytes into the parenchymal unit of the liver (2, 3) .
We have previously demonstrated the metabolic heterogeneity of hepatocytes with regard to the formation of glucose (3) . In fasting animals, glucose-6-P and the rate of glucose formation were shown to decrease along the sinusoidal axis and to be higher throughout sinusoids of portal rather than septal origin. This indicates that liver cell function, in addition to the nutritional and hormonal state of the organism, depends not only on the location of cells along the sinusoidal axis but also on the origin of the sinusoid itself.
In view of the close interrelationship between glucose and ketone body formation (4), it was the aim of this study to continue the investigation of the metabolic organization of the parenchymal unit of the liver, and to quantitatively assess the distribution of 3-hydroxybutyrate dehydrogenase (3-HBDH) at the level of the primary lobule, using procedures that have a regional resolution of up to 100 individual measurements in cross-sectional areas of 0.5-0.8 mm2 of primary lobules (5,6). This would determine to what extent hepatocytes at various locations participate in ketone body formation and how, with regard to ketogenesis, cell heterogeneity compares to the regionality of glucose formation. Assessment of the distribution of 3-HBDH activity served to further test the concept of a lobular parenchymal unit composed of primary lobules ( 7 ) and to investigate the influence of sinusoidal origin on liver cell function (3,s).
Materials and Methods

Preparation of Material.
Adult male Wistar rats (obtained from Charles River; N. Wilmington, MA) were maintained at a constant temperature (21°C) and under a constant lightldark cycle (lights from 0600-1800 hr) and fed a diet of Purina chow and water ad lib. After 2 weeks of adaptation, the animals were anesthetized (1000 hr) by intraperitoneal injection of sodium pentobarbital ( 5 mg/ 100 g body weight). After 30 min of anesthesia, during which time the animals were maintained at an ambient temperature of 37'C to allow for recovery from stress (9) , the livers were frozen in situ with liquid nitrogen (lo), removed, and stored in liquid nitrogen until required. Cryosections (10 pm) were cut in sets of three. Sections 1 and 3 were vacuum dried from the frozen state (11) and Section 2 was used for the histochemical demonstration of 3-HBDH. Additional cryosections (10 pm) were cut in pairs, one section being used for the histochemical demonstration of 3-HBDH and the other for the demonstration of glucose-6-phosphatase activity. Animal experiments were performed in compliance with the National Research Council's criteria for the care and use of laboratory animals in research.
Isolation of Tissue Samples
Microdissection was carried out in a room with controlled humidity and temperature, using equipment previously described (11) . Tissue samples were isolated by means of a new procedure (5, 6) . Cross-sectional areas of primary liver lobules were isolated from freeze-dried cryosections. Using histochemically stained sections as a guide, they were then subdivided into 8 to 10 sectors. including sinusoids of either portal or septal origin. The sectors were further subdivided into successive samples, which covered the whole extent of the sinusoids from their portal or septal beginnings to their terminations at the central venule. All of the dissection steps were documented on graph paper using a calibrated drawing tube attached to a Wild M8 stereomicroscope. Samples were weighed on a quartz-fiber balance (11, 12) ; they averaged 19 ng. Specially designed sample holders (5) were used to store individual sectors and/or samples under vacuum and at low temperature (-40°C).
Analytical Procedures
Histochemical Demonstration of 3-HBDH (E.C.1.1.1.30) Activity. This was carried out as described previously (8, 13) . In brief, after drying for 5 min at 37°C the cryosections were incubated for 5 min at 37°C in an incubation medium containing 50 mM Tris-HCI buffer, pH 7.4, 1 mM NAD, 100 mM ~~3-hydroxybutyric acid, 5 mM nitroblue tetrazolium chloride, 10 mM sodium azide, 0.5 mM phenazine methosulfate, and 15% (w/v) polyvinyl alcohol (MW 40,000). In preliminary studies, the addition of polyvinyl alcohol (15%) was found to almost completely prevent diffusion of the reaction product from the section into the incubation medium, thus resulting in a better localization of the reaction product than could be obtained with an aqueous incubation medium. Control sections were incubated in a medium from which the enzyme substrate had been omitted. After the viscous incubation medium had been removed by rinsing the sections briefly in running tapwater (37'C), the sections were fixed as described elsewhere (14). rinsed for 5 min in aqua bidest, and mounted with glycerolgelatin.
was carried out as previously described (12) .
Histochemical Demonstration of G6Pase (E.C.3.1.3.9) Activity. This Demonstration of the M i a d t u r e . This was carried out as described elsewhere (15).
Microchemical Measurement of 3-HBDH Activity. This was based on the procedure of Krebs et al. (16) , in which 3-hydroxybutyrate is converted to acetoacetate. The NADH formed in this step was measured after amplification with the enzymatic cycling procedure of Kat0 et al. (17) . Because of the small sample size, initial analytical steps were carried out in small droplets under a mixture of mineral oil and hexadecane (11) .
The 3-HBDH reagent used was as follows: 50 mM Tris-HCI buffer (pH 8.0), 0.5 mM NAD, 0.5 mM EDTA, 0.3 mM dithiothreitol, 0.02% BSA. 2 mM sodium azide.
Each tissue sample was added through the oil into 4.75 pl of reagent, placed in individual wells of a microtiter plate. Other wells containing either 4.75 pI or 4.5 pl volumes of reagent served as reagent blanks or standards. To the latter, 0.25 PI NADH were added to give a final concentration of 8 pM. The reaction was started by adding 0.25 pI of 3-hydroxybutyrate to give afinal concentration of 10 mM. After incubation for 45 min at 25'C, the reaction was stopped and the remaining NAD destroyed by adding 1 pI of 0.3 N NaOH and heating the plates for 20 min at 80°C.
Amplification of NADH was carried out in fluorometer tubes with 0.25-pI aliquots from the previous step and 50 p1 of cycling reagent (17). With 1.5 U/ml of malate dehydrogenase (E.C.l 37) from pig heart and 4.5 U/ml of alcohol dehydrogenase (E.C.1.1.1.1) from yeast, an amplification of about 1600 was achieved after 60 min at 25°C. The reaction was stopped by heating the tubes for 3 min at 100°C. After the tubes had been cooled to RT, 1 ml of "indicator reagent" (17) was added to each of the tubes. In this reaction the malate that had accumulated during amplification was measured by using malate dehydrogenase (E.C.1.1.1.37) from pig heart and glutamate oxalacetate transaminase (E.C.2.6.1.1.) from yeast. The NADH that is formed in stoichiometric quantities in this reaction was determined fluorometrically, after 20 min at RT, with a Farrand filter fluorometer at 340-nm excitation and 460-nm emission wavelengths. NADH standards included in the amplification step and the malate standards included in the indicator step were 0.035 and 3 pM, respectively.
In preliminary studies the apparent K, values for 3-hydroxybutyrate and NAD were found to be 1.15 mM and 80 pM, respectively. The reaction was proven to be linear up to 60 min at 25°C with tissue dry weights up to 100 ng. Enzyme activity was calculated per liter of liver tissue from values per kg dry weight, based on a tissue water content of 70% and a specific gravity of liver tissue of 1.05 g per ml. Activity values measured at 25'C were converted to 37'C rates on the basis of a temperature coefficient found to be 1.99 between 25-37'C.
Ten microdissected samples from each of the animals were used to measure tissue blanks. Values of 0.062, 0.082, and 0.058 moleslliter tissuelhr at 37'C were obtained for animals mO501, m0602, and m1206, respectively, which is equivalent to 5% of the average enzyme activity.
In preliminary tests it was shown that teflon racks, normally used for the "oil-well technique" (ll), could be replaced by Microtiter trays. Trays (72 well) with a working volume of 10 pl (Robbins Scientific; Mountain View, CA) and made from medical grade polystyrene were used. The fact that these chemically inert trays are hydrophobic prevents the reagent droplet from spreading and thus circumvents the problems encountered with hydrophilic trays during mixing of subsequently added reagents. Compared to the opalescence of teflon, the major advantage of polystyrene trays is the excellent transparency that permits exact control over the loading of samples and the addition of reagents.
Chemicals. Enzymes, co-enzymes, and substrates were obtained from Boehringer-Mannheim (Mannheim, FRG) and Sigma Chemicals (St Louis, MO); all other chemicals were of reagent grade. Constriction micropipettes (11) were obtained from T. Kyander-Teutsch (Ulm, FRG).
Three-dimensional Reconstruction of Enzyme and Metabolite Distri-bution. The distribution of the enzyme activity was reconstructed for each of the three animals as recently described (3, 6) .
Calculation of Enzyme Gradients. Dissection maps were used to determine the absolute lengths of sectors and also the location of samples, defined as the distance of the center of each of the samples from the central venule. To correct for differences in the length of sectors (i.e., sinusoids), absolute values were normalized by calculating sample location along a sinusoid with a standard length of 100 (3). Enzyme values of the samples were then sorted into groups according to their relative location, i.e., assigned to one of the six segments into which the sinusoidal distance had been subdivided, and mean values (k SEM) of the enzyme activity were calculated for each of the six sinusoidal segments. Average sinusoidal gradients were calculated for animals mO501, m0602, and m1206 from enzyme values of a total of 100, 94, and 100 tissue samples, respectively, and also for all three animals together. The term "average" sinusoids indicates that mean values were calculated irrespective of the origin of the sinusoids. In addition, sectors containing sinusoids of predominantly portal or septal origin were selected from each of the animals, using the dissection maps superimposed over the corresponding areas of the histochemically stained sections. Microchemical data from portal (animals mO501, mO602, and ml206: 60, 54, and 5 5 samples, respectively) and septal sectors (animals mO501, m0602, and m1206: 40,40, and 45 samples, respectively) were then used to calculate mean sinusoidal gradients.
Statistical analysis utilized ANOVA, the Newman-Keul test, and Student's t-test (18). All tests were carried out at a significance level of 0.05.
Results
Angioarcbitecture of tbe Primary Lobule
The parenchymal unit (secondary lobule) is typically composed of 10 to 12 individual primary lobules. Portal venous blood is distributed over the surface of the parenchymal unit, i.e., the surfaces of primary lobules, through second-step branches of portal veins that give off septal branches (Figure 1, SB) . These are connected to each other by specialized sinusoids that form a vascular septum (VS). In Figure 1 the microvasculature was stained by injecting a diluted solution of India ink into the portal vein to demonstrate the morphology and arrangement of sinusoids within the primary lobules. Figure 1 shows a cross-section through a primary lobule with five cross-sectioned septal branches located at its perimeter (at 1,4, 5 , 8, and 11 o'clock) and a draining branch of the central venule (CV) in the center. The septal branches are connected by vascular septa which act as a watershed between adjacent primary lobules. We have subdivided the sinusoids into two types: "portal" sinusoids, which originate directly from and in dose vicinity to septal branches (as exemplified by the blue line in Figure 1 ) and which consist of an initial "tortuous" segment and a straight segment; and "septal" sinusoids, which lack the tortuous segment and originate from the vascular septa (VS) approximately midway between neighboring septal branches (at 3, 7, 10, and 12 o'clock, exemplified by the red line).
Histocbemical Distribution of 3-HBDH Activity
In all three animals the intensity of the histochemical reaction was lowest in hepatocytes located at the perimeter of primary lobules, i.e., the beginning of the sinusoids (Figure 2A ). From there it in-creased along the sinusoidal axis and was highest in hepatocytes located in the vicinity of the draining central venular branches (CV). The intensity of the histochemical reaction of hepatocytes lined up along septal sinusoids (Figure 2A , red lines) was higher than that of hepatocytes adjacent to sinusoids of portal origin (Figure  2A, blue lines) . The overall intensity of the histochemical reaction and the staining gradient along the sinusoidal axis were lower in animal mO5Ol than in animals m0602 and m1206. In the latter animals, hepatocytes adjacent to the central venular branches reacted more strongly (Figure 2A ) than in animal mO501.
Histocbemical Distribution of GGPase Activity
The distribution of G6Pase activity was reciprocal to that of 3-HBDH. The staining intensity was highest in hepatocytes located at the perimeter of primary lobules ( Figure 2B ). From there it decreased along the sinusoidal axis towards the draining cenual venular branches (CV). Throughout the septal sinusoids (red lines), the intensity of the histochemical reaction was lower than along the axis of the portal sinusoids (blue lines). The overall staining intensity and the sinusoidal gradient was higher in animal m0501 than in animals m0602 and m1206.
Quantitative Dixtribution of 3 -HBDH Activity
Three-dimensional reconstructions ( Figures 4A-4C ) showed a general increase in enzyme activity along the sinusoidal axis from the perimeter towards the center of the unit. Within the same animal this increase was discontinuous, and the sinusoidal gradients varied in shape and slope in different areas of the unit. Enzyme activity was higher along the axis of septal than of portal sinusoids. Because of high enzyme activity in the center of the parenchymal unit, the slope of the sinusoidal gradients was steeper in animals m0602 and m1206 than in animal mO501, where the enzyme activity of hepatocytes in the vicinity of the draining central venular branches was comparatively low.
Enzyme values of animal mO5Ol ( Figure 3A ) increased from the beginning (Segment 6) to the end (Segment 1) from 0.96 to 1.15, 0.86 to 1.13, and 0.80 to 1.11 moleslliter wet tissue, i.e., by factors of 1.20, 1.31, and 1.39 along septal, average, and portal sinusoids, respectively. Statistical analysis revealed the following significant differences (no significant differences were found along the axis of septal sinusoids). For average and portal sinusoids, the values in Segments 1-3 were higher than that in Segment 6. Along septal sinusoids, the value of Segment 6 was significantly higher than that of the corresponding segment of portal sinusoids.
In animal mOGO2 ( Figure 3B ) enzyme values increased from 1.01 to 1.38, 0.87 to 1.25, and 0.73 to 1.16 moleslliter wet tissue, i.e., by factors of 1.37, 1.44, and 1.59 along septal, average, and portal sinusoids, respectively. No significant differences were found along the axes of septal sinusoids. Along average sinusoids, the value in Segment 1 was higher than those in Segments 2-6. Along portal sinusoids, the value in Segment 1 was higher than those in Segments 5 and 6, and those in Segments 2 and 3 were higher than the value in Segment 6. The values of Segments 6,5, and 4 of septal sinusoids were significantly higher than those ofthe corresponding segments of portal sinusoids. 
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Enzyme values of animal m1206 ( Figure 3C ) increased along the sinusoidal axis from 0.81 to 1.46,0.74 to 1.28, and 0.70 to 1.06 moleslliter wet tissue, i.e., by factors of 1.80 and 1.73, and 1.51 along septal, average, and portal sinusoids. Statistical analysis revealed the following significant differences. For septal sinusoids, the value in Segment 1 was higher than those in Segments 5 and 6, and that in Segment 2 was higher than the value in Segment 6 . For average sinusoids, the value in Segment 1 was higher than those in Segments 3-6, and those in Segments 2 and 3 were higher than the value in Segment 6. No significant differences were found along the axes of portal sinusoids. Values of all segments of septal sinusoids were significantly higher than those of the corresponding segments of portal sinusoids.
Mean enzyme values of animals m0501, m0602, and m1206 (Figure 3D ) increased along the sinusoidal axis from 0.94 to 1.35,0.83 to 1.22, and 0.75 to 1.11 moles/liter wet tissue, i.e., by factors of 1.44, 1.47, and 1.48 along septal, average, and portal sinusoids. Statistical analysis revealed the following significant differences. For septal sinusoids, the value in Segment 1 was higher than those in Segments 2-6, and values in Segments 2 and 3 were higher than that in Segment 6. For average sinusoids, the value in Segment 1 was higher than those in Segments 3-6, values in Segments 2 and 3 were higher than those in Segments 5 and 6, and the value in Segment 4 was higher than that in Segment 6. For portal sinusoids, the values in Segments 1 and 2 were higher than those in Segments 4-6 and 5 and 6, respectively, and those in Segments 3 and 4 were higher than that in Segment 6. Along septal sinusoids values of all segments were significantly higher than those of portal sinusoids.
Discussion
The general increase of 3-HBDH activity along the sinusoidal axis confirms earlier histochemical and microchemical findings (8, 13, 19, 20) in which higher enzyme activities were found in the center of the liver lobule (or Zone 3 of the liver acinus) than at the periphery (or the periportal zone). According to the three-dimensional reconstructions and calculated enzyme gradients, 3-HBDH activity increases along the sinusoidal axis in a non-uniform fashion, and the slope and shape of the gradients vary in different areas of the cross-sectioned primary lobule. Variability of enzyme values within individual sinusoidal segments correlates with the histochemical finding that the staining intensity of hepatocytes varies within a given segment. This suggests that cell heterogeneity exceeds the spatial resolution of the analytical procedures.
Although local enzyme values varied in the manner described, significant differences were found along the sinusoidal axis and between portal and septal sinusoids. This is of interest with regard to the functional integration of hepatocytes into parenchymal units, insofar as there is a reciprocity between the general increase of maximal activity of 3-HBDH and the decrease of in vivo activity of G6Pase (3) along the sinusoidal axis, and also between enzyme gradients of sinusoids of different origin. The activity of the glucogenic enzyme is higher throughout portal than septal sinusoids, whereas the opposite applies to the ketogenic enzyme. In addition, it was noted that in individual animals a steep gradient for one enzyme is combined with a relatively low gradient for the other. The close reciprocity between the distributions of the gluco(neo)genic G6Pase and the ketogenic 3-HBDH is regarded as strong evidence for the functional heterogeneity of portal and septal sinusoids (3, 5, 8, 21, 22) and reflects the complexity of the underlying regulatory mechanisms. At the same time it should be noted that distinguishing between two types of sinusoids simplifies matters, insofar as portal sinusoids differ structurally (7) and may also differ functionally, as can be seen from the histochemical distribution of 3-HBDH and G6Pase activity.
Whereas the activity in male rats of the P-oxidation enzyme P-hydroxyacyl-CoA dehydrogenase was similar in periportal and perivenous samples (20,23), distinct regional dlfferences for the ketogenic 3-HBDH were demonstrated in our study. Although 3-HBDH is not known to play a role in the short-term regulation of ketogenesis, it may nevertheless be of regulatory importance (20), i.e., for directing acetyl-coA from P-oxidation either towards the tricarboxylic acid cycle for further production of energy or towards ketogenesis. This assumption is supported also by surface fluorescence measurements (24) of higher rates of ketogenesis in the perivenous than in the periportal area. From the distribution of 3-HBDH activity it could therefore be concluded that the capacity to use acetyl-coA for energy production is highest at the beginning of the sinusoid and continuously decreases along its axis as acetyl-coA is increasingly channeled towards the production of ketone bodies. For this reason, the ability of hepatocytes to produce energy through P-oxidation and the tricarboxylic acid cycle would be distributed in a similar way to the gluconeogenic capacity, as indicated by the distribution of GbPase, and would thus ensure the availability of sufficient energy for gluconeogenesis. At the same time, the 3-HBDH reaction (especially in rat liver) is considered an important mechanism for balancing the mitochondrial NADlNADH ratio during periods of fatty acid oxidation, since the reduced product of the reaction, bhydroxybutyrate, can be released from the liver (25). In addition to the specific aspects of the functional and regional interrelation of ketogenesis and gluconeogenesis, the present data contribute information on the actual constitution of the hepatic parenchymal unit. In agreement with previous reports (3,5,6,8) , these data also support the concept of a modified lobular unit (7) composed of primary lobules, and also the postulated functional heterogeneity of the portal and septal sinusoids. At the same time, the previous critique (3, 12) of the acinar concept (26) is confirmed by the results of this study, and is supported by recent morphological and histochemical investigations from other laboratories (27,28).
As regards the subdivision of the parenchymal unit into the functional/metabolic zones currently discussed in the literature (2,27,28) , it should be noted that the identification of specific zones requires the definition of zonal limits. With qualitative procedures (e.g., staining histochemistry, immunohistochemistry), this definition is difficult and may vary with the individual investigator. Quantitative assessment of cell heterogeneity, on the other hand, could provide objective criteria when defining individual zones. However, measurement of enzyme activity and/or metabolite levels along the sinusoidal axis of carbohydrate (3,5,10,21), lipid (12), amino acid (22), and alcohol metabolism (29), and of biotransformation (30) has shown that heterogeneity of hepatocytes is characterized by gradients, i.e., mainly gradual changes in enzyme activity and/or metabolite levels along the sinusoidal axis. In view of these findings and the data on 3-HBDH activity, a subdivision into metabolic zones or domains appears to be restrictive rather than useful for further investigation of the metabolic organization of the liver.
